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In our previous toxicity studies using young rats, we showed that an ultraviolet
absorber, 2-(2'-hydroxy-3’,5’-di-tert-butylphenyl)benzotriazole (HDBB), principally
affected the liver, and male rats had nearly 25 times higher susceptibility to the toxic
effects than females. In the present study, the toxicity of HDBB was investigated in
preweaning rats. HDBB was administered by gavage to male and female CD(SD) rats
from postnatal days 4 to 21 at a dose of 0, 0.1, 0.5, 2.5, or 12.5 mg/kg/day. No
substance-related deaths, clinical signs of toxicity, or body-weight changes were
observed. Increased levels of albumin, AST and ALP in both sexes, BUN in males, and
LDH in females were found at 12.5 mg/kg. Liver weights increased at 2.5 mg/kg and
above in both sexes. Histopathologically, hepatocellular findings, such as nucleolar
enlargement, anisokaryosis, increased mitosis, and/or hypertrophy, were observed at
2.5 mg/kg and above in both sexes. These results indicate no gender-related differences
in the susceptibility to the toxic effects of HDBB in preweaning rats.

Keywords Benzotriazole UV absorber, Preweaning rat, Gender-related difference,
Hepatotoxicity.

Address correspondence to Makoto Ema, Division of Risk Assessment, Biological
Safety Research Center, National Institute of Health Sciences, 1-18-1, Kamiyoga,
Setagaya-ku, Tokyo 158-8501, Japan; E-mail: ema@nihs.go.jp



Downloaded By: [Ema, Makoto] At: 09:14 11 March 2008

276 Hirata-Koizumi et al.

INTRODUCTION

A number of reports have been published on gender-related differences in the
toxic effects of chemicals in rats (Agarwal et al., 1982; Coleman et al., 1990;
McGovren et al., 1981; Muraoka and Itoh, 1980; Nishino et al., 1998; Ogirima
et al.,, 2006; Raheja et al.,, 1983). For example, fluoranthene, a polycyclic
aromatic hydrocarbon, showed greater effects on male rats than females, espe-
cially on the kidneys, in a subchronic toxicity study (Knuckles et al., 2004). In
contrast, female rats exhibited greater susceptibility to hypothalamic cho-
linesterase inhibitory and hypothermic effects of a carbamate cholinesterase
inhibitor, rivastigmine (Wang et al., 2001). Such gender-related variations are
also reported in humans, mostly for medicines (Harris et al., 1995). Examples
include more severe adverse effects, but with greater improvement in
response, to antipsychotic drugs such as chlorpromazine and fluspirilene
in women.

Previously, we reported that male and female rats showed markedly different
susceptibilities to the toxicity of 2-(2"-hydroxy-3’,5'-di-tert-butylphenyl)benzotriaz-
ole (HDBB), which is an ultraviolet absorber used in plastic resin products, such
as building materials and automobile components (METI, 2006). In a 28-day
repeated-dose toxicity study, male and female rats were administered HDBB by
gavage, and adverse effects on the liver, heart, blood, kidneys, and thyroids were
found (Hirata-Koizumi et al., 2007). The no observed adverse effect level
(NOAEL) for females was 2.5 mg/kg/day based on histopathological changes in
the liver and heart detected at 12.5 mg/kg, but the NOAEL for males could not be
determined because hepatic changes were noted even at the lowest dose of
0.5 mg/kg. In the 52-week repeated-dose toxicity study, chronic oral administra-
tion of HDBB principally affected the liver, and the NOAEL was concluded to be
0.1 mg/kg/day in males and 2.5 mg/kg/day in females (Hirata-Koizumi et al.,
2008a), showing that male rats have approximately 25 times higher susceptibility
to HDBB toxicity than females.

For such gender differences in toxic responses, sexual hormones are likely
to play important roles. In fact, Wang et al. (2001) reported that orchidectomy
completely abolished the above-mentioned sex differences in hypothalamic
cholinesterase inhibition induced by rivastigmine, and testosterone treatment
to gonadectomized males and females decreased the cholinesterase inhibitory
effects of rivastigmine; therefore, it is apparent that testosterone interferes
with the effects of rivastigmine. On the other hand, estrogen has been shown
to act as a dopamine antagonist (Harris et al., 1995), which is considered to
contribute, at least in part, to sex differences in response to antipsychotic
drugs.

In order to investigate the role of sex steroids in the mediation of sex
differences in the susceptibility to the toxic effects of HDBB, we recently
performed a 28-day repeated-dose toxicity study using male and female
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castrated rats (Hirata-Koizumi et al., 2008b). As expected, castration
markedly reduced the sexual variation in HDBB toxicity, but some differ-
ence, less than five times, remained between male and female castrated
rats. It is speculated that the determinants of susceptibility to HDBB tox-
icity are already differentiated between sexes by four weeks of age, when
the castration was performed; therefore, in the present study, we deter-
mined the sexual difference in the susceptibility to HDBB toxicity in
preweaning rats.

MATERIALS AND METHODS

This study was performed at Shin Nippon Biomedical Laboratories, Ltd.,
Drug Safety Research Laboratories (SNBL DSR; Kagoshima, Japan) in 2006-
2007. The experiment was approved by the Institutional Animal Care and Use
Committee of SNBL DSR and was performed in accordance with the ethics
criteria contained in the bylaws of the Committee.

Animals and Housing Conditions

Eleven-week-old male and 10-week-old female Crl:CD(SD) rats were
purchased from Hino Breeding Center, Charles River Laboratories Japan, Inc.
(Yokohama, Japan) and individually housed in stainless steel cages sus-
pended over a cage board. After a seven-day acclimation, females were cohab-
ited overnight with one male each. Females with vaginal plugs were regarded
as pregnant, and this day was designated as Day 0 of gestation. On gestation
day 20, the pregnant females were transferred to aluminum cages with
wooden chips as bedding (White Flake; Charles River Laboratories Japan,
Inc.) and allowed to deliver spontaneously and rear their pups. The day of
birth was defined as postnatal day (PND) 0. On PND 4, the sex of the pups
was determined, and the litters were adjusted randomly to four males and
four females. Five litters were selected and randomly assigned to each of five
dose groups, including control groups; the initial number of pups for treat-
ment was 20/sex/group.

Throughout the study, the animals were maintained in an air-conditioned
room at 21.5-22.4°C, with a relative humidity of 43-55%, a 12-h light/dark
cycle, and ventilation with 15 air changes/hour. A basal diet (CE-2; CLEA
Japan, Inc., Tokyo, Japan) and water, which met the drinking water standard
under the Water Works Law of Japan, were provided ad libitum.

Chemicals and Doses

HDBB (CAS No. 3846-71-7, Lot no. AY11) was 100% pure and was
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan); it was kept
in a dark place at room temperature under airtight conditions., Dosing



Downloaded By: [Ema, Makoto] At: 09:14 11 March 2008

278 Hirata-Koizumi et al.

solutions were prepared as a suspension in corn oil (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) once or twice a week and kept cool in a dark
place under airtight conditions until dosing. Stability under refrigerated con-
ditions was confirmed for seven days in the previous 28-day repeated-dose
toxicity study using young animals (Hirata-Koizumi et al., 2007).

Male and female preweaning rats were given HDBB by gavage once-daily
from PNDs 4 to 21. Control rats received the vehicle only. A nutrient catheter
(Type 3Fr; Atom Medical Corporation, Tokyo, Japan), attached to a dispos-
able syringe, was used for dosing. The volume of each dose was adjusted to
10 mL/kg of body weight, based on the latest body weight.

The dosage levels of HDBB were determined to be 0.1, 0.5, 2.5, or
12.5 mg/kg/day, based on the results of our previous 28-day repeated-dose
toxicity study using young rats (Hirata-Koizumi et al., 2007). In this
previous study, male and female young rats were given HDBB by gavage at
0.5, 2.5, 12.5, or 62.5 mg/kg/day, and adverse effects, mainly on the liver and
heart, were found at all doses in males and at 12.5 mg/kg and above in
females.

Observations

All dams were observed daily for clinical signs of toxicity, and body weight
was recorded on Days 0, 10, and 20 of pregnancy and on Days 0, 10, 20, and
22 after delivery. On Day 22 after delivery, they were euthanized by exsan-
guination under deep ether anesthesia, and the surface, organs, and tissues of
the entire body were macroscopically observed.

All pups were observed daily before and three to four hours after dosing
for clinical signs of toxicity. Body weight was recorded on PNDs 0, 4, 6, 8, 10,
12, 14, 16, 18, 21, and 22. On PND 22, blood was collected from the caudal
vena cava in the abdomen of two male and two female pups per litter under
deep ether anesthesia. Plasma separated from the blood by centrifugation was
examined for total protein, albumin, glucose, total cholesterol, triglycerides,
total bilirubin, blood urea nitrogen (BUN), creatinine, aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH), creatine phosphokinase, calcium, inorganic
phosphorus, sodium, potassium, and chlorine. Following the collection of
blood, all pups (four males and four females per litter) were euthanized by
exsanguination under deep ether anesthesia, and the surface, organs, and
tissues of the entire body were macroscopically observed. The heart, lungs,
liver, spleen, kidneys, and adrenals were then collected and weighed. The
liver and heart were histopathologically examined in one male and one female
per litter. The organs were fixed in 10% neutral-buffered formalin, and paraf-
fin sections for microscopic examination were routinely prepared and stained
with hematoxylin-eosin.
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Data Analysis

Body weight, blood biochemical parameters, and organ weights of pups
were analyzed by Bartlett’s test (Bartlett, 1937) for homogeneity of distribu-
tion (p < 0.01). When homogeneity was recognized, Dunnett’s test (Dunnett,
1964) was conducted to compare between control and individual treatment
groups (p < 0.01 or 0.05). If not homogenous, data were analyzed using the
mean rank test of Dunnett’s type (Hollander and Wolfe, 1973) (p < 0.01 or
0.05). Histopathological findings were analyzed using Wilcoxon’s rank sum
test (Wilcoxon, 1945) (p < 0.01 or 0.05).

RESULTS

HDBB, orally administered to pups from PNDs 4 to 21, did not induce any
clinical signs of toxicity or affect the body weight of maternal rats (data not
shown). At necropsy, no gross abnormality was found in the dams.

One male pup each at 0 or 0.5 mg/kg and one female pup each at 0, 0.5, or
12.5 mg/kg died, which was confirmed to be due to gavage error. No
substance-related clinical signs of toxicity were found in pups of any groups.
There were also no significant changes in the body weight of male and female
pups, as shown in Figure 1.

Principle blood biochemical values are summarized in Table 1. In males,
the levels of albumin, AST, ALP, and BUN were significantly increased at
12.5 mg/kg. In females, significant increases in the levels of albumin, AST,
ALP, and LDH were found at the same dose. There were no substance-related
changes in other blood biochemical parameters.
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Figure 1: Body weight curves of male and female preweaning rats given HDBB by gavage.
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Table 1: Principle blood biochemical values in male and female preweaning rats
given HDBB by gavage.
e e e

Dose (mg/kg/day) 0 0.1 0.5 25 12,5

No. of males 10 10 10 10 10
Total protein (g/dl) 4.49+0.28 4.53+0.22 4.48+026 4.43+0.17 4.42+0.18
Albumin (g/dL 3.62+024 3.60+x0.24 359+0.21 3.74+027 4.04+0.17**
BUN (mg/dL) 11.4+1.5 141+26 13.7+53 129+18 14.7+2.3*
AST (IU/D) 1.4+159 852+48 887+52 9Q1.6+122 100.2+8.5*
ALT (IU/L) 348+57 340+63 294+53 30755 359+6.1
ALP (IU/L) 1557 +203 1529+ 240 1412+279 1286 +249 2054 + 444**
LDH (IU/0) 198+123 165+16  184+40 236+170 326+221
No. of females 10 10 10 10 10
Total protein (g/dl) 4.49+0.24 454+024 453+028 4.55+018 4.50+0.14
Alobumin (g/dL) 359+0.28 366024 3.70+026 3.80+025 4.04+0.16™"
BUN (mg/dL) 125+20 154+15 135240 14.141 15,5+ 33
AST (U/L) 87.3+94 851+82 865+63 852+66 101.3+x9.2*
ALT (IU/L) 30.7+59 30736 27.1+55 27.1+45 359142
ALP (IU/L) 1470+ 136 1394+215 1287 +105 1339+ 183 1872+ 259**
LDH (IU/L) 175+ 62 176 + 36 179 £ 35 139+ 28 370 + 295*

Values are expressed as the mean + SD.

BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
ALP, alkaline phosphatase; LDH, lactate dehydrogenase.

*Significantly different from the control group (p < 0.05%.
**Significantly different from the control group (p < 0.01).

At necropsy, no gross abnormality was observed. Absolute and relative
organ weights of scheduled sacrifice animals are shown in Table 2. In males,
absolute liver weight at 12.5 mg/kg and relative weight at 2.5 mg/kg and
above were significantly increased. In addition, absolute and relative weights
of the lungs and spleen were significantly decreased at 12.5 mg/kg. In females,
significant increases in absolute liver weight at 12.5 mg/kg and relative liver
weight at 2.5 mg/kg and above, and decreases in relative spleen weight and
absolute and relative adrenal weight at 12.5 mg/kg, were found. No substance-
related changes were detected in other organ weights.

Histopathological findings in the liver are presented in Table 3. In
males, nucleolar enlargement, anisokaryosis, and increased mitosis of hepa-
tocytes were observed at 2.5 mg/kg and above. In the 12.5 mg/kg group,
hypertrophy of hepatocytes accompanied with eosinophilic granular changes
was also observed. Further, increased incidence and/or severity of decreased
glycogen in hepatocytes was found at 2.5 mg/kg and above. Similarly, in
females, nucleolar enlargement, anisokaryosis, and increased mitosis of
hepatocytes at 2.5 mg/kg and above, and hypertrophy and eosinophilic gran-
ular change of hepatocytes at 12.5 mg/kg were detected, and the incidence
and/or severity of decreased glycogen in hepatocytes was higher at 12.5 mg/kg.
No substance-related histopathological changes were detected in the heart
in both sexes.
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Table 2: Organ weights of male and female preweaning rats given HDBB by gavage.
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Values in parentheses are relative organ weights (g or mg/100 g body weight).

*Significantly different from the control group (p < 0.05).
**Significantly different from the control group (p < 0.01),

Values are expressed as the mean + SD.
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Table 3: Histopathological findings in the liver of male and female preweaning

rats given HDBB by gavage.

- - —————]
Dose (mg/kg/day)

Grade 0 0.1 0.5 25 125

No. of males 5 8 5§ § 5
Nucleolar enlargement in hepatocytes & 0 0 0 1 4] "
+ 0O 0 0 01
Anisokaryosis of hepatocytes £ 0 0 0O 1 277
+ 0O 0 0 0 3
Increased mitosis of hepatocytes * 0O 1 0 21 .
+ 0O 0 0 1 3] )
++ 0 0 0 01
Hypertrophy of hepatocytes + 0 O O 0 4—#
+ 0O 0 0 01
Eosinophilic granular change of hepatocytes + 0 0 0 02@°
Decreased glycogen in hepatocytes £ 1T 1 2 4 2—-
+ 0 0O 0 0 3
No. of females 5 & & & 5
Nucleolar enlargement in hepatocytes + 0 0 0 2 4] o
+ 0 0 0 01
Anisokaryosis of hepatocytes & 0O 0 0 1 3 ]-*
+ g 0 o O 2
Increased mitosis of hepatocytes s o1 0 1 17,
+ 0 0 0 2 3 ]
++ 0 0 0 0 1
Hypertrophy of hepatocytes * 0 O 0O 0 3=
+ o0 0 0 2
Eosinophilic granular change of hepatocytes * O 0 0 01 ] o
+ O 0O 0O O 4
Decreased glycogen in hepatocytes x 1 @ 2 2 3 ] x
+ 0O 0 0 0 2

Values represent the number of animals with the finding.
+. very slight; +, slight; ++, moderate.

*Significantly different from the control (p < 0.05).
**Significantly different from the control (p < 0.01).

DISCUSSION

In the current study, the toxicity of HDBB was investigated in preweaning
rats. Based on our previous results of a 28-day repeated-dose toxicity study
using young rats (Hirata-Koizumi et al., 2008a), the dosage of HDBB used in
this study was sufficiently high to be expected to induce adverse effects on the
liver and heart. As expected, increased absolute and/or relative liver weight
and histopathological changes of hepatocytes were observed at 2.5 mg/kg and
above in both sexes.
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Although degeneration and hypertrophy of the myocardium or cell
infiltration in the heart were observed at 2.5 mg/kg and above in the previous
28-day study (Hirata-Koizumi et al., 2007), such changes were not detected
even at the highest dose of 12.5 mg/kg in the present study. Considering that
histopathological changes in the heart were also not found in the previous 52-
week study of HDBB using young rats (Hirata-Koizumi et al., 2008a) and a
28-day study using young castrated rats (Hirata-Koizumi et al., 2008b),
it could not be concluded that preweaning rats were less susceptible to the
cardiac effects of HDBB than young rats. In order to investigate the toxicolog-
ical effects of HDBB on the heart in more detail, the effects on cardiac function
(e.g., electrocardiographic parameters, blood pressure, etc.) should be evalu-
ated because they are considered to be more susceptible parameters than
histopathology of the heart (Glaister, 1992).

In the present study, some blood biochemical parameters increased in
both sexes in the 12.5 mg/kg group. The degree of change was mostly slight,
but it was considered to be HDBB related because similar changes were
found in previous studies of HDBB (Hirata-Koizumi et al., 2007, 2008a,
2008b). A simultaneous increase in hepatic enzymes (AST, ALP, and LDH)
might result from hepatic damage caused by HDBB. Increased BUN sug-
gests renal effects of HDBB, although histopathology of the kidneys was not
examined in the present study. As a matter of fact, hypertrophy of the
tubular epithelium was noted at 12.5 mg/kg and above in males and at
62.5 mg/kg in females in the previous 28-day study of HDBB using young
rats (Hirata-Koizumi et al., 2007).

No effects on the lungs, spleen, and adrenals were found both in previous
28-day and 52-week studies of HDBB using young rats (Hirata-Koizumi et al.,
2007, 2008a), whereas decreased weight of these organs was found in
preweaning rats given HDBB. In rats, many organs develop rapidly during
the early period after birth (Vidair, 2004; Walthall et al., 2005; Zoetis and
Hurtt, 2005a). For example, rat lungs have no alveoli at birth, but they
develop rapidly, with most lung development complete within the first two
weeks after birth (Zoetis and Hurtt, 2005b). It is conceivable that immature
and/or rapidly developing organs show different susceptibility from mature
organs. Considering these findings together suggests that HDBB might influ-
ence these organs, specifically in the preweaning period. Further studies are
required to investigate the adverse effects of HDBB on the lungs, spleen, and
adrenals during the preweaning period.

Histopathological changes in the liver detected in the current study
included nucleolar enlargement, anisokaryosis, increased mitosis, and
hypertrophy of hepatocytes. Nucleolar enlargement of hepatocytes indicates
the enhancement of protein synthesis and is identified most frequently in
hepatocytes that are undergoing rapid cell proliferation (Cattley and Popp,
2002). Anisokaryosis is also considered to correlate at least partly with cell
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proliferation. In the present study, nucleolar enlargement, anisokaryosis,
and increased mitosis of hepatocytes were observed at 2.5 mg/kg and above in
both sexes, whereas hypertrophy of hepatocytes was observed only at the
highest dose of 12.5 mg/kg. On the other hand, in the previous 28-day study
of HDBB using young rats, hypertrophy of hepatocytes was observed at
0.5 mg/kg and above in males and 12.5 mg/kg and above in females, and
increased mitosis of hepatocytes was observed at 62.5 mg/kg and 12.5 mg/kg
and above in males and females, respectively, indicating that young rats are
more susceptible to the HDBB-induced hypertrophic response of hepatocytes
than the mitotic response (Hirata-Koizumi et al., 2007). The higher suscepti-
bility of preweaning rats to such proliferative changes might be associated
with dramatic changes of the liver structure during the preweaning period
(Alexander et al., 1997).

In previous studies using young rats (five to six weeks of age), we showed
that male rats were much more susceptible to the toxic effects of HDBB than
females (Hirata-Koizumi et al., 2007, 2008a). Based on histopathological
findings in the liver, which is a major target of HDBB toxicity, differences in
susceptibility between sexes was approximately 25 times. Subsequently, we
showed that castration markedly reduced the gender-related differences in
HDBB hepatotoxicity in rats (Hirata-Koizumi et al., 2008b). Comparing the
histopathological findings of the liver observed in the previous 28-day studies
using young intact and castrated rats, it became clear that the castration of
male rats exerted no effect but that of female rats enhanced the adverse effects
of HDBB on the liver, suggesting suppressive effects of estrogen on the hepato-
toxicity of HDBB in rats. Despite the marked reduction of gender-related
differences in the toxic effects of HDBB by castration, a difference, less than
five times, remained in castrated rats. The sexual differences in castrated rats
are considered to be due to the exposure to sexual hormones before four weeks
of age, when castration was conducted. In the present study, following the
administration of HDBB during the preweaning period, similar changes in all
examined parameters were observed at the same doses in both sexes. These
findings clearly show no gender-related differences in HDBB toxicity in
preweaning rats, suggesting that a development at around three to six weeks
of age contributes to sexual variations in HDBB toxicity, at least in part.

Gender-related differences in HDBB toxicity were found not only for hepa-
totoxicity, but also for the reduction of body weight, hematotoxicity, cardiac
toxicity, etc., in the previous 28-day and/or 52-week studies using young rats
(Hirata-Koizumi et al., 2007, 2008a). Thus, they might be caused by differ-
ences in the blood concentration of causative substances (e.g., HDBB or its
metabolites) between sexes. A number of reports have been published on the
sexual variations in toxicokinetic determinants, such as hepatic metabolism
(Gad, 2006) and membrane transporter in various organs, including the
kidneys and intestine (Morris et al., 2003). Coleman et al. (1990) reported that
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higher sensitivity of male rats to hematotoxicity of dapsone, which is a major
component of the multidrug regimen for the treatment of leprosy, was due to
the greater capacity for the N-hydroxylation. Another example was an amino
acid antitumor agent, acivicin, of which the LDg, was much higher in male
mice than that in females. McGovren et al. (1981) showed that the plasma
half-time was much longer in female mice and speculated that the sexual vari-
ation may be related to differences in the renal excretion.

For gender-related differences in toxicokinetic determinants, many
mechanistic studies have been reported on the metabolic enzyme cytochrome
P450 (CYP) (Waxman and Chang, 2005). In rats, a subset of CYPs is
expressed in a sex-dependent fashion. It was reported that ovariectomy
reduced the hepatic expression of female-specific/predominant CYPs, but this
did not lead to the expression of male-specific CYP enzyme in female rats. If
female-specific/predominant metabolic enzymes have an intimate involve-
ment in the detoxication of HDBB, our previous results, showing the higher
susceptibility of male young rats to HDBB toxicity than females, and
increased susceptibility by castration of females, could be explained. Interest-
ingly, in rat liver, the difference in CYP expression between sexes is not
apparent until puberty (Waxman and Chang, 2005). This is consistent with
our present results that there was no gender-related difference in HDBB
hepatotoxicity in preweaning rats. Mode and Gustafsson (2006) reported that
brain centers involved in the hypothalamo-pituitary control of hepatic sex-
dependent metabolism in adults are irreversibly programmed by neonatal
androgen exposure, which might explain why sexual variation in HDBB toxic-
ity was not completely abolished by castration at four weeks of age.

In order to clarify the cause of gender differences, we are currently per-
forming a toxicokinetic study of HDBB, which includes the identification of
metabolites and the related metabolic enzyme as well as measurement of the
blood concentration of HDBB both after single and repeated administration of
HDBB to young and preweaning rats.

CONCLUSION

The current results showed that oral administration of HDBB to preweaning
rats caused hepatotoxicity at 2.5 mg/kg and above in both sexes. The gender-
related difference in toxic susceptibility to HDBB, which was observed in
young rats, was not detected in preweaning rats.
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ABSTRACT

The present review paper summarizes the data available in the literature concerning dinitrophenolic com-
pounds and evaluates male reproductive toxicity in experimental animals. Gavage and feeding doses of
2-sec-butyl-4,6-dinitrophenol (dinoseb; CAS No. 88-85-7) manifested testicular toxicity, and 4,6-dinitro-
o-cresol (DNOC; CAS No. 534-52-1) showed similar but weaker testicular toxicity in laboratory animals.
Consecutive doses of dinoseb and DNOC by gavage seemed to induce spermatotoxicity by disturbing
spermiogenesis or the maturation process of sperm in the epididymis, and the most probable target
cells of spermatotoxicity were thought to be testicular spermatids in rats. Prolonged exposure to dinoseb
and DNOC in the diet also induced testicular toxicity in rats. However, the feeding dose of dinoseb irre-
versibly affected the early stage of spermatogenesis and produced infertility in rats. On the other hand,
2 4-dinitrophenol (DNP; CAS No. 51-28-5) did not show testicular toxicity in laboratory animals according

Dinoseb to available literature. Further studies in laboratory animals with nitrophenolic compounds are required
DNP for clarification of their testicular toxicity and for risk assessment in humans.
DNOC © 2008 Elsevier Inc. All rights reserved.
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1. Introduction

are registered for use as herbicides and insecticides [2]. 4,6-
Dinitro-o-cresol (CAS: 534-52-1; DNOC) and 2,4-dinitrophenol

Dinitrophenolic compounds have many uses in agriculture as
herbicides, insecticides, acaricides and fungicides [1]. Minor dif-
ferences in chemical structure determine their use, and several
compounds have more than one use (Table 1). Although the
use of dinitrophenolic compounds as pesticides was banned in
many countries due to their serious toxicity [2], they are still
trafficked and used in agriculture. In several countries, 2-sec-
butyl-4,6-dinitrophenol (CAS: 88-85-7; dinoseb) and dinoseb salts

* Corresponding author. Tel.: +81 3 3700 9878; fax: +81 3 3700 1408.
E-mail address: mariko@nihs.go.jp (M. Matsumoto).

0890-6238/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.reprotox.2008.09.008

(CAS: 51-28-5; DNP) were once used as weight-reducing agents
as well. The main current use of DNOC and DNP is in the plastic
industry as an inhibitor of polymerization in styrene and vinyl aro-
matic compounds [3,4]. It is reported that dinoseb and DNP are
high-volume chemicals with production or importation exceeding
1000 tonnes per year in Organisation for Economic Co-operation
and Development (OECD) member countries [5]. The annual pro-
duction of DNOC is ca. 600 tonnes, and 100-200 tonnes are used as
an agrochemical. In addition, significant volumes of DNOC are still
stocked around the world especially in developing countries [3].
Exposure to dinitrophenolic compounds may occur by direct
contact, ingestion and inhalation for users and producers, but
potential indirect exposure via the environment for consumers is
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Table 1

0OH

NO, R

Scheme of dinitrophenolic compounds NO,
Chemical name CAS number R Agricultural use
2.4-Dinitrophenol (DNP) 51-28-5 H I
4,6-Dinitro-o-cresol (DNOC) 534-52-1 CH3 AFHI
2-sec-Butyl-4,6-dinitrophenol (Dinoseb) 88-85-7 CH(CH3 )CH2CH;3 H, 1

A: acaricide; F: fungicide; H: herbicide; |: insecticide.

also anticipated. Dinoseb, DNOC and DNP have been detected in
groundwater [3,4,6], and DNOC has been identified in extracts of
rain and snow [3]. The use of DNP and DNOC as diet pills was dis-
continued in the US by the end of 1938 [4]; however, DNP was
introduced in a bodybuilding magazine in the late 1990s [7], and
it has managed to steadily gain popularity in some bodybuilders
and athletes to rapidly lose body fat. The average daily dose of DNP
or DNOC for man was about 3 mg/kg bw/day in 1930s [3,8], and
the current average intake of DNP seems to be 200-400 mg/day
according to a commercial web site [9].

Most dinitrophenolic compounds are absorbed well by the skin,
gastrointestinal tract or lung. Dinitrophenolic compounds shows
moderate to strong acute oral toxicity with LDsg values in the
range of 25-46 mg/kg bw (dinoseb), 26-34 mg/kgbw (DNOC) and
50-71 mg/kg bw (DNP) in rats [1,10]. The major systems prone to
toxicity are the hepatic, renal and nervous systems [11]. The basic
mechanism of toxicity of nitrophenolic compounds is thought to
be stimulation of oxidative metabolism in cell mitochondria by
the uncoupling of oxidative phosphorylation [12]. Early symptoms
include hyperthermia, sweating, headache and confusion. Severe
exposure may result in restlessness, seizures, coma and death
[11-13].

In the previous review, we showed that the administration
of dinoseb to maternal animals produced developmental tox-
icity including teratogenicity [14]. We also reported that rats
dosed with dinoseb by gavage for a total of 42 days decreased
sperm motility and increased the rates of abnormal sperm, tails
and heads at 7.0 mg/kg bw/day [15]. Sperm parameters are con-
sidered to be sensitive indicators of fertility [16]. In fact, the
feeding dose of dinoseb to male rats for 11 weeks induced
low fertility at 225ppm (15.6 mg/kg bw/day) and infertility at
300 ppm (22.2 mg/kg bw/day) due to low or no spermatogenesis
[17].

In Sertoli-germ cell co-cultures, dinoseb caused degenerative
alterations in pre-pachytene and pachytene spermatocytes and
Sertoli cells, while DNOC and DNP affected pre-pachytene and
pachytene spermatocytes [18]. These findings suggested the pos-
sibility that dinitrophenolic compounds can produce testicular
toxicity with a similar mode of action in laboratory animals and
humans. However, a recent study by Takahashi et al. [19] reported
no testicular toxicity in Crl:CD(SD) rats treated with DNP by gavage
up to 30 mg/kg bw/day for 46 days. There were differences in tes-
ticular toxicity between dinoseb and DNP although they showed
similar toxicity in Sertoli-germ cell co-cultures. In this review, we
attempt to clarify the testicular toxicity of dinitrophenolic com-
pounds in laboratory animals, and possible mechanisms involved
in the testicular toxicity are discussed.

2. Testicular toxicity of dinitrophenolic compounds

The available literature for dinitrophenolic compounds shown in
Table 1 was searched and reviewed for male reproductive toxicity.
Only statistically significant effects are summarized below unless
noted otherwise.

2.1. Testicular toxicity of dinoseb

Table 2 shows a summary of the testicular toxicity of dinoseb.
When male Crj:CD(SD)IGS rats were administered dinoseb (0, 0.78,
2.33, or 7.0 mg/kg bw/day) by gavage for 42 days, motile sperm rate,
progressive sperm rate, straight line velocity and viability rate were
lower than the controls, and the amplitude of lateral head displace-
ment, abnormal sperm rate and abnormal tail rate were higher than
the controls at both the end of the administration and 14-day recov-
ery periods at 7.0 mg/kg bw/day [17]. However, there were no dose
related effects on spermatogenesis at the stages of spermatogonia
and spermatocytes in this study.

Sato et al. [20] showed that 3-consecutive-day administration of
dinoseb by gavage at 7.5 mg/kg bw/day reduced number of sperm,
sperm motility, path velocity, curvilinear velocity, and amplitude of
lateral head displacement in Crj:CD(SD)IGS rats. These effects were
observed 19 days after the last administration, but not 12 days after
the last administration. Similarly, another spermatotoxicity study,
in which male [cl:SD rats were treated with dinoseb for 5 days at
7.5 mg/kg bw/day, showed no effects on sperm parameters in the
cauda epididymis 3 days after the final dosing, but reduced sperm
motility and increased incidence of tailless sperm were noted 14
days after the final dosing [21]. No testicular histopathological
alteration was observed in this study. These findings suggest that
consecutive dose of dinoseb by gavage affects sperm by disturbing
spermiogenesis or maturation processes of sperm in the epididymis
in rats.

Sato et al. [20] also demonstrated that gavage dose of
dinoseb at 7.5mg/kgbw/day three times per week (Mon-
day/Wednesday/Friday) for 3 weeks did not affect any sperm
parameters in Crj:CD(SD)IGS rats. In another study, a single oral
dose of dinoseb did not cause any alteration of sperm parameters
2 and 14 days after the administration at 17.5 mg/kg bw, but five
daily doses of dinoseb at 7.5 mg/kg bw/day altered sperm morphol-
ogy both 3 and 13 days after the last administration and caused a
decreased number of sperm and the percentage motile sperm at 13
days after the last administration in SD rats [22].

In a feeding study of dinoseb at 75, 150, 225 or 300 ppm (0,
3.8.9.1, 15.6 or 22.2 mg/kg bw/day), sperm counts and morphologi-
cally normal sperm were decreased at 150-300 ppm after 11 weeks
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Table 2
Testicular toxicities in animals given dinoseb.
Species Dose Route Exposure time Effect observed Reference
Crj:CD(SD)ICS rat 7.0 mgfkg Gavage 42 days +The amplitude of lateral head displacement, abnormal 115)
sperm rate and tabnormal tail, | sperm motility, | progressive
sperm rate, |straight line velocity and Lviability
Crj:CD{SD)IGS 7.5mg/kg Gavage 3 days | No. of sperm, | motile sperm, | path velocity, | curvilinear |20]
rat velocity and |amplitude of lateral head displacement
7.5mglkg Gavage 9 doses/[3 weeks No effects on sperm
Jel:SD rat 7.5mglkg Gavage 5 days | Weights of seminal vesicle, prostate and epididymis, [sperm [21)
motility and ttailless sperm
SD rat 7.5mg/lkg Gavage 5 days 1 Sperm motility, | no. of sperm and tabnormal sperm [22]
17.5 mg/kg Gavage 1 day No effects on sperm
Sharman rat 150 ppm (9.1 mg/kg) Diet 71-77 days Sperm counts, . morphologically normal sperm, +adjusted 117]
weight of seminal vesicle and | sperm content of caudae and
vasa deferentia
225ppm (15.6 mg/kg) Diet 71-77 days Infertility, |adjusted weights of testis and epididymides,
tadjusted weight of seminal vesicle, | sperm content of caudae
and vasa deferentia, sperm counts and | morphologically
normal sperm
300 ppm (22.2 mg/kg) Diet 71-77 days L Adjusted weight of seminal vesicle and above observed
effects (225 ppm) except 1 adjusted weight of seminal vesicle
300ppm (22.2 mg/kg) Diet 10 days No effects
20 days 1 Morphologically normal sperm, |adjusted weights of seminal
vesicles and prostate
30 days | Morphologically normal sperm
50 days JMorphologically normal sperm, |adjusted weights of seminal
vesicles
SD rat 125-175 ppm Diet 25 days | Sperm motility 123)
Sharman rat? 200ppm Diet 153 days Diffuse tubular atrophy of the testes 24]
Rat 0.05% (13.5 mg/kg) Diet 21 days No histopathological changes in the testis [26]
0.02% (54 mg/kg) Diet 6 months No histopathological changes in the restis
CD (SD) rat® 1-10mg/kg Diet 3-generation No effects on reproduction [6.25]
CD-1 mouse? 1-10mglkg Diet 2 years Testicular atrophy/degeneration with hypospermatogenesis [6.25]

# Only abstract or secondary literature is available.

administration in Sherman rats [17]. [n addition, spermatozoa were
not found in sections of the epididymides at 300 ppm. None of
5 males fed 300 ppm and only 1 of 10 males fed 225 ppm pro-
duced litters after mating with non-treated females. There was little
or no remission of these effects after a 16-week recovery period.
Histopathological changes to spermatogonia, spermatocytes, sper-
matids and sperm in the testes were observed after 20 or 30 days
administration at 300 ppm, and severe damage to the spermatogo-
nia was observed after 50 days treatment at 300 ppm.

Similarly, a feeding dose of dinoseb (0, 125, 150 or 175 ppm)
to male SD rats for 25 days showed reduced sperm motility in all
treatment groups [23]. Hall et al. [24] provide a brief summary of a
subchronic feeding study of dinoseb, in which Sherman rats were
fed a diet with 0, 50, 100, 150, 200, 300, 400 or 500 ppm of dinoseb
for 153 days. Mortality was observed at 300, 400 and 500 ppm and
only animals treated with dinoseb up to 200 ppm were evaluated.
Diffuse tubular atrophy of the testes was observed particularly at
200 ppm. No further details were available for this study.

The findings in the feeding dose studies suggest that prolonged
exposure to dinoseb in feed affects the early stage of spermatoge-

nesis in rats. Consistency was confirmed in a 2-year feeding study
in CD-1 mice. Testicular atrophy or degeneration with hyposper-
matogenesis was observed at 1, 3, or 10 mg/kg bw/day [6,25].
However, a three-generation feeding study showed no effects on
male reproductive toxicity in SD(CD) rats given dinoseb at 1, 3,
and 10 mg/kg bw/day for 29 weeks [6,25]. An old study showed no
histopathological changes in the testes of rats fed dinosebin the diet
for 21 days at 0.05% (13.5 mg/kg bw/day) or for 6 months at 0.02%
(5.4 mg/kg bw/day) [26]. No further information was available.

2.2, Testicular toxicity of DNOC

A summary of testicular toxicity of DNOC is shown in Table 3.
DNOC was administrated to Jcl:SD rats by gavage at 0, 4, 7.5 or
15 mg/kg bw/day for 5 consecutive days [21]. Examination at 3 days
after the last dosing revealed no treatment-related alterations in
histopathology of the testis and in sperm parameters. DNOC admin-
istration resulted in reduced sperm motility and increased the
incidence of tailless sperm in the cauda epididymis, but there were
no testicular histopathological alterations at 14 days after the last

Table 3

Testicular toxicities in animals given DNOC.

Species Dose Route Exposure time Effect observed Reference

Jel:SD rat 15mgfkg Gavage 5 days ,Matile sperm and | marphologically normal sperm 121]

Jcl:SD rat 10mg/kg Gavage 5 days *Peeled sperm 127]
15mg/kg +Tailless sperm

Riv:Tox(M)Wistar rat 20mg/kg Diet 90 days .Spermatogenesis and | relative weights of testes and prostate 129]

Rat 0.10% (27 mg/kg) Diet 6 months No histopathological changes in the testis |126]

SD{CD) rat* 7.20 -10.1 mg/kg Diet 2 generations Nao effects on reproduction [3]

(C3H = C57BL/6) F1 mouse 3-12mglkg Gavage 5 days No effects on testes weight, sperm count or sperm abnormalities |28]

(C3H = C57BL/6) F1 mouse 3-12mglkg i.p. 5 days No effects on testes weight, sperm count or sperm abnormalities

CFLP mouse 10mg/kg i.p. Single dose +Dominant lethal value and damage in the germ cells 130]

* Only abstract or secondary literature is available.
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dosing. These results indicate that consecutive gavage dose of DNOC
can also affect sperm by disturbing spermiogenesis or maturation
process of sperm in the epididymis in rats.

Subsequently, Takahashi et al. [27] showed that the target
cells of DNOC spermatotoxicity are likely to be testicular sper-
matids. DNOC was administered to Jcl:SD rats by gavage at 0, 10
or 15 mg/kg bw/day for 5 days. One day after the last dosing, there
were elongated spermatids that looked normal but lacked the mito-
chondrial sheath at the proximal end of the middle piece. Fourteen
days after the last dosing, there were increases in the number of
peeled sperm at 10-15 mg/kg bw/day and the number of tailless
sperm at 15 mg/kg bw/day. The authors suggest that the elongated
spermatids may develop into tailless sperm when they reach the
cauda epididymis. In the preceding study [15], dinoseb did not
affect spermatogonia and spermatocytes, but the number of abnor-
mal sperm was increased. Therefore, spermatids may also be the
target cells of dinoseb spermatotoxicity.

On the other hand, no effects were found on sperm morphol-
ogy, sperm counts or testicular weights at 30 days after the last
administration in (C3H x C57BL/6) F1 mice given DNOC by gav-
age or by intraperitoneal injection at 3-12 mg/kg bw/day for 5 days
[28]. These inconsistent results may be due to the length of the
post-administration period. There is a possibility that dose-related
effects on spermatids, the most probable target cells, cannot be
detected at 30 days after the last dosing of DNOC, Another possibil-
ity is a difference in excretion, which means that DNOC is excreted
at a slower rate in rats than in mice [3].

Spermatogenesis and relative organ weights of the testes and
prostate were decreased in a 90-day feeding study, in which
Riv:Tox(M)Wistar rats were exposed to 20 mg/kg bw/day DNOC in
the diet [29]. These findings suggest that prolonged exposure to
DNOC in the diet can also induce testicular toxicity. However, an
old study showed no histopathological changes in the testes in rats
fed DNOC in the diet at 0.10% (27 mg/kg bw/day) for 6 months [26].
No further detailed information was available.

Intraperitoneal injection of 10 mg/kg bw DNOC into male CFLP
mice increased the frequency of chromosomal aberrations in male
germinal cells 20 days after administration [30]. DNOC-treated
males were mated with untreated nulliparous females for 8 weeks
after the treatment. New females were caged with the males every
week. The number of living embryos was decreased with a domi-
nant lethal value of 16% at the sixth week, indicating DNOC possibly
affect the survival of offspring in mice. However, a two-generation
feeding study revealed that there were no effects on reproduction
in SD(CD) rats given DNOC at 7.20-10.1 mg/kg bw/day [3].

2.3. Testicular toxicity of DNP

Table 4 shows a summary of testicular toxicity of DNP, Unlike
dinoseb and DNOC, DNP dose studies did not show testicular
toxicity in rats. Crl:CD(SD)IGS rats treated with DNP by gavage
at 80 mg/kgbw/day for 28 days showed increased relative organ
weight of the testes, but histopathological changes in the testes,
epididymis and prostate were not observed. The number of sperm
in the epididymis was not affected [31,32]. Therefore, the increased

relative organ weight of the testes was considered to be due to
reduced body weight on the day of scheduled killing.

DNP was administrated to Jcl:SD rats by gavage at 0, 7.5, 15 or
30mg/kg bw/day for 5 consecutive days [21]. Organ weights of the
testes, epididymis, seminal vesicles and prostate were not affected
at 3 days after the last dosing. Tailless sperm in the cauda epi-
didymis was only increased slightly at 14 days after the last dosing,
but there were no statistically significant effects. Similarly, organ
weights of the testes and epididymis and numbers of Sertoli cells
and of germ cells per Sertoli cell were not affected in Crl:CD(SD) rats
treated by gavage with DNP at a dose of 0, 3, 10 or 30 mg/kg bw/day
for a total of 46 days [19]. These findings indicate that a gavage dose
of DNP was unlikely to possess testicular toxicity in rats under these
test conditions.

Negative results were also observed in capsule and feeding dose
studies. No gross or histological evidence of treatment-related tes-
ticular damage was reported following DNP treatment of dogs
exposed to 5 or 10 mg/kgbw/day by capsules 6 days a week for
6 months [8] or rats exposed to 0.10% (27 mg/kg bw/day) in the
diet for 6 months [26]. Small testes and testicular atrophy were
observed in rats given 0.20% DNP (54 mg/kg bw/day) in the diet for
24 days. However, the authors stated that it was difficult to dis-
tinguish between direct toxic effects and secondary effects due to
reduced body weight gain.

3. Discussion and conclusion

Consecutive gavage doses of dinoseb manifested testicular tox-
icity in rats at 7.0-7.5 mg/kg bw/day, and DNOC showed similar
but weaker testicular toxicity in rats at 10-15 mg/kg bw/day. Con-
secutive gavage dose of DNP showed no testicular toxicity up to
80 mg/kg bw/day in rats. Consecutive doses of dinoseb and DNOC
by gavage seemed to affect sperm by disturbing the spermiogen-
esis or maturation processes of sperm in the epididymis, and the
most probable target cells of toxicity were thought to be testicular
spermatids in rats.

Prolonged exposure to dinoseb and DNOC in the diet also
induced testicular toxicity in rats at 9.1-22.2 and 20 mg/kg bw/day,
respectively. However, a feeding dose of dinoseb irreversibly
affected the early stage of spermatogenesis and produced infer-
tility in rats at 22.2 mg/kg bw/day. In a 2-year feeding study in
mice, testicular atrophy or degeneration with hypospermatogen-
esis was observed at 1-10 mgdinoseb/(kg bw day). However, male
reproductive toxicity was not affected in rats up to 10 mg/kg bw/day
for 29 weeks (three generations). No treatment-related testicular
damage was reported following DNP treatment at 27 mg/kg bw/day
in the diet for 6 months in rats.

In Sertoli-germ cell co-cultures, dinoseb caused degenerative
alternations in pre-pachytene and pachytene spermatocytes and
Sertoli cells, while DNOC and DNP affected pre-pachytene and
pachytene spermatocytes [18]. Testicular effects observed in lab-
oratory animals are thought to be caused by the uncoupling effects
rather than due to a body weight loss or body temperature increase
[17). The uncoupling effects of dinoseb are stronger than that of DNP
and DNOC in mouse liver and brain cells [33]; this may explain why

Table 4

Testicular toxicities in animals given DNP.

Species Dose Route Exposure time Effect observed Reference

Cri:CD{SD)IGS rat 80mg/kg Gavage 28 days No effects on sperm or sex organs [31,32]

SPF Crl:CD(SD) rat 30mg/kg Gavage 46 days No effects on sperm or sex organs [19]

Jel:SD rat 30mg/kg Gavage 5 days No effects on sperm or sex organs [21]

Rat 0.10% (27 mg/kg) Diet 6 months No histopathological changes in the testis |26]
0.20% (54 mg/kg) Diet 24 days Small testes and testicular atrophy

Dog 5-10mg/kg Capsules 6 days/week for 6 months No histopathological changes in the testis or epididymis 18]




M. Matsumnaoto et al. / Reproductive Toxicology 26 (2008) 185-150 189

strong testicular toxicity was observed in dinoseb treated animals.
However, the uncoupling effects of DNP were stronger than DNOC
in mouse brain cells [33]. Acute toxicities in animals tend to increase
with increasing uncoupling potency; however, a good correlation
between in vivo and in vitro studies was not established, indicating
that other factors such as absorption, distribution, metabolism and
excretion may also play a role in the toxicity.

Generally, phenols tend to be absorbed rapidly and distributed
throughout the body, and excretion occurs over a period of weeks
[34]. DNP is metabolized rapidly to less toxic metabolites by reduc-
tion of nitro groups to amine groups [4]. Reduction of the nitro
groups is also main detoxification pathway in DNOC, but oxida-
tion of the alkyl substituent was also noted in rats and rabbits [35].
Dinoseb is metabolized by side-chain oxidation in mice, rats and
dogs, followed by nitro-reduction in rats, but reduction of the nitro
group was not observed in dogs and mice [34,36,37]. There were
several unknown metabolites and conjugates after the administra-
tion of dinoseb and DNOC [35,36]. Some of metabolites of dinoseb
and DNOC may also play a role for the testicular toxicity of these
compounds. In fact, some metabolites of dinoseb (not identified)
caused toxicity in the liver, kidney, spleen and blood of rats [34).

Sperm motility was reduced by gavage dosing of dinoseb and
DNOC [16,20-22], and a suggestive reduction in sperm motility
was also observed after DNP administration in rats [21]. Uncou-
pling agents such as DNP, pentachlorophenol (PCP) and carbonyl
cyanide m-chlorophenylhydrazone (CCCP) reduced mitochondrial
membrane potential by attacking the proton gradient across the
inner mitochondrial membrane [38,39]. Reduced sperm motility
was correlated with reduced mitochondrial membrane potential
caused by uncoupling agents when glucose was not present [38,40].

Of interest, m-dinitrobenzene (DNB), a structurally similar com-
pound to DNP but not an uncoupling agent, causes Sertoli cell
vacuolization and germ cell apoptosis in rats [41,42] but not in ham-
sters [43]. An intermediate metabolite, m-nitrosonitrobenzene,
produced toxicity inrat Sertoli-germ cell co-cultures while metabo-
lites of DNB, m-nitroaniline (NA) and m-nitroacetanilide (NAA), do
not provoke testicular toxicity [44]. Seminiferous tubules isolated
from hamsters were more capable of reductively metabolizing DNB
to NA and NAA than that from rats, and DNB induced ATP depletion
in rat seminiferous tubules, but not in hamster tubules [45].

There have been no mechanistic studies on the testicular toxic-
ity of dinoseb and DNOC. However, like DNB, there is a possibility
that metabolic activation via reductive metabolism of a nitrogroup
may be responsible for the testicular toxicity of dinoseb and DNOC
in laboratory animals, although dinitrophenolic compounds and
DNB showed different cytotoxicity in rat Sertoli-germ cell co-
cultures [18]. Understanding the basic mechanisms involved in
male germ cell toxicity is necessary step to prevent reproductive
failure. Further mechanistic studies on nitrophenolic compounds
and compounds with similar structures are required to clarify the
testicular toxicity of these compounds. No information on male
reproductive toxicity was obtained for other dinitrophenolic com-
pounds with an alkyl substituent, but similar toxicity to dinoseb
and DNOC can be expected from their structures.

DNP did not show testicular toxicity in laboratory animals
according to the available literature, and possibly related mech-
anisms were discussed. However, the histopathology of the testes
could be inadequate in these DNP studies due to shorter length of
exposure. The long-duration studies with DNP were conducted on
dogs in 1934 and on rats in 1948 when the standard of testicular
pathology is likely to be below current standard. Therefore, further
studies which meet the current standard of testicular pathology
[46] must be required to clarify the testicular effects of DNP.

[t is noted that the efficiency of sperm production and the epi-
didymal spermatozoal reserves of humans are considerably lower

than those of conventional animal models [47]. Working [48] also
described that the human male is of relatively low fertility and thus
may be at greater risk from reproductive toxicants than males of
the common laboratory animal model species. Furthermore, Parker
|49] commented that rodent males produce sperm in numbers that
greatly exceed the minimum requirement for fertility while sperm
production in human males appears to be much closer to the infer-
tility threshold; therefore, less severe reductions in sperm counts
may affect human fertility significantly. These considerations indi-
cate that definitive animal studies of chemical compounds that are
suspected to have testicular toxicity are needed to assess the risk
to reproduction in humans, Further histopathological studies of the
testes in laboratory animals given nitrophenolic compounds and
compounds with similar structures could help us to understand
the testicular toxicity of these compounds, because histopathol-
ogy is acknowledged as the most sensitive endpoint for detecting
testicular toxicity [46].
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ABSTRACT: Rats were treated by gavage once daily with 2,4-dinitrophenol (DNP) at 0 (control), 3, 10, or
30 mg/kg bw. Males were dosed for 46 days, beginning 14 days before mating, and females were dosed
for 40-47 days, from 14 days before mating to day 3 of lactation. No deaths were observed in males and
females of any group. A significant decrease in body weight gain and significant increase in liver weight
were found in males and females at 30 mg/kg bw/day. The number of live pups on postnatal days (PNDs)
0 and 4, live birth index, and body weight of live male and female pups on PNDs 0 and 1 were significantly
lowered at 30 mg/kg bw/day. External and internal examinations of pups revealed no increased incidence
of malformations in DNP-treated groups. On the basis of these findings, we concluded that DNP has gen-
eral and reproductive/developmental toxicity, but not teratogenicity, under the present conditions. The
NOAEL of DNP is considered to be 10 mg/kg bw/day in rats. © 2008 Wiley Periodicals, Inc. Environ Toxicol 00:

000000, 2008.
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INTRODUCTION

2,4-Dinitrophenol (DNP; CAS No. 51-28-5) is one of the
six different isomers of dinitrophenols, and the most com-
mercially important isomer. Commercial dinitrophenol, a
mixwure of DNP and smaller amounts of 2,3- and 2,6-dini-
trophenol, is used in the synthesis of picric acid and pic-
ramic acid, and for making dyes, wood preservatives, pho-
tographic developers, explosives, and insecticides (ATSDR,
1995). The production volume of DNP exceeded | million
pounds/year in the U.S. (Scorecard, 2007) and was around
1000 tons in Japan in 2005 (METI, 2006). DNP is used for
the same purposes as dinoseb, 2-sec-butyl-4,6-dinitrophe-
nol, which was registered as a herbicide and insecticide.
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DNP was once taken extensively as a weight reduction
drug in the 1930s (Simkins, 1937a,b). Thereafter, adverse
effects, including cataracts, renal damage, and death due to
hyperthermia, were noted in people who took DNP (Bein-
hauer, 1934; Epstein and Rosenblum, 1935; Goldman and
Haber, 1936; Simkins, 1937a,b). DNP was banned for use
for this purpose by authorities in the U.S. in 1938 (Para-
scandola, 1974; Kurt et al., 1986); however, it can be still
illicitly purchased in the U.S. as a diet pill via commercial
web sites, and incidents, including deaths, have been
reported (Miranda et al., 2006). DNP is released into the
environment primarily during its manufacture and use, and
from waste disposal sites that contain DNP (ATSDR,
1995), and can also form in the atmosphere from the reac-
tion of benzene with NOx in ambient air (Nojima et al.,
1983). General population and occupational exposures may
occur primarily through the inhalation of ambient air
(ATSDR, 1995). According to TRIOl (U.S. EPA, 2001),
total on- and off-site release was around 100 000 pounds in



